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A long-term study of tree seedling recruitment in
southern Appalachian forests: the effects of
canopy gaps and shrub understories

Brian Beckage, James S. Clark, Barton D. Clinton, and Bruce L. Haines

Abstract: We examined the importance of intermediate-sized gaps and a dense shrub layer on tree seedling recruitment
in a southern Appalachian deciduous forest. We created 12 canopy gaps under two contrasting understory conditions:
6 gaps were dominated by the dense, shade-producing sRhdunlodendron maximuin, while the remaining gaps

were relatively open. Density of first-year and >first-year seedlings was monitored for 5 years in transects extending
from adjacent undisturbed forest through the experimental gaps. We concurrently measured the understory-light envi
ronment, soil moisture, litter biomass, and seed rain. Neither species diversity nor richness consistently increased fol
lowing gap formation Acer rubrumL. responded consistently to canopy gaps with increased seedling densities while
most other species, including both shade-tolerant and shade-intolerant species, did not. Seedling densities-were espe
cially low and unresponsive to gap formation in areas dominate® .bmaximumuUnderstory light levels were consis

tently low beneatlR. maximunand did not increase with canopy gap formation. Our results suggest that dense shrub
cover can neutralize recruitment opportunities in canopy gaps, that seed rain often limits recruitment in gaps, and that
canopy gaps that are larger or include understory disturbance are needed to maintain diversity in these forests.

Résumé: Les auteurs ont examiné I'importance des ouvertures de taille intermédiaire et d’'une strate arbustive dense

sur le recrutement des semis d’arbres dans une forét décidue des Appalaches méridionales. lls ont créé dans le couvert
12 ouvertures avec deux types différents de sous-étage. Six ouvertures étaient domiri&esdpaendron maxi-

mumL., un arbuste dense produisant de I'ombre, tandis que les autres étaient relativement vides. La densité des semis
agés d'un an et de plus d’'un an a été suivie durant 5 ans dans des transects qui s’étendaient de la forét adjacente non
perturbée a travers les ouvertures expérimentales. On a aussi mesuré, concurremment, I'intensité lumineuse en sous-
étage, 'humidité du sol, la biomasse de la litiere et la pluie de graines. Ni la diversité, ni la richesse spécifiques ne se
sont accrues de facon réguliere apres la formation des ouverturesASGsutubrumL. a répondu régulierement aux
ouvertures du couvert en présentant une densité accrue de semis, alors que la plupart des autres espéces, autant
tolérantes qu'intolérantes a I'ombre, n'y ont pas répondu. La densité des semis était particulierement faible et
indifférente a la formation des ouvertures dans les aires dominéeR.paaximumDe la méme facon, le niveau de

luminosité en sous-étage était régulierement bas Bousaximunet il ne s’est pas accru avec la formation des

ouvertures dans le couvert forestier. Les résultats obtenus suggerent qu’un couvert arbustif dense peut neutraliser les
possibilités de recrutement dans les ouvertures du couvert, que la pluie de graines limite souvent le recrutement dans
ces derniéres et que, pour maintenir la diversité dans ces foréts, on a besoin de plus grandes ouvertures dans le couvert
ou d’ouvertures avec un sous-étage qui a subi une perturbation.

[Traduit par la Rédaction]

Introduction sources. In forest understories, light is a limiting resource
with tree establishment and growth linked to its availability
X i o (Canham 1988; Denslow et al. 1990; Pacala et al. 1994;
stant environments (MacArthur and Levins 1967; Tilmanpe, ey 1983). Canopy gaps provide the transient increases
1982), ecologists have searched for mechanisms that prg, “jignt that many species require to reach the canopy
mote variability and, thus, coexistence on a few limiting re (Bormann and Likens 1979; Brokaw and Scheiner 1989;
_ Pickett and White 1985; Shugart 1984; Whitmore 1989).
Received September 10, 1999. Accepted January 20, 2000. The spatial and temporal heterogeneity resulting from the

With awareness that competition limits diversity in eon

B. Beckagé and J.S. Clark. Botany Department, Duke deaths of individual trees might promote higher forest diver
University, Durham, NC 27708, U.S.A. sity than could be maintained in a constant environment
B.D. Clinton. Coweeta Hydrologic Laboratory, 3160 Coweeta (Chesson 1982; Chesson and Warner 1981; Comins and No
Lab Road, Otto, NC 28763, U.S.A. ble 1985; Huston 1979; Pacala and Tilman 1994; Tilman
B.L. Haines. Botany Department, University of Georgia, and Pacala 1993).

Athens, GA 30602, U.S.A. While the importance of gap-phase replacement has long
iCorresponding author. Present address: Department of been recognized in forest dynamics (Bormann and Likens
Biological Sciences, 508 Life Sciences Building, Louisiana 1979; Botkin 1993; Shugart 1984; Watt 1947), the role of
State University, Baton Rouge, LA 70803, U.S.A. intermediate-sized canopy gaps in maintaining diversity is
e-mail: bb2@duke.edu less certain despite their high abundance. We consider

Can. J. For. Res30: 1617-1631 (2000) © 2000 NRC Canada



1618 Can. J. For. Res. Vol. 30, 2000

intermediate-sized gaps to be those created by the death ofent densities) to address the following questions/Mhich

one to several canopy trees, as opposed to small gaps resultitige species have increased seedling densities in intermediate-
from the partial death of canopy trees (e.g., loss of a branclsized gaps?ii) Does species diversity of tree seedlings in
etc.) or large gaps formed by the death of many contiguousrease in gapsii) What effect does the understory shrub
trees (e.g., large windthrows). Based on this definition,R. maximunmhave on seedling recruitment in gaps?

>80% of gaps in temperate deciduous forests would be con

sidered intermediate sized (Cho and Boerner 1991; Dahir

and Lorimer 1996; Runkle 1990). Alternatively, we can baseStudy area

a definition of intermediate-sized gaps on the 25th and 75th \ye conducted our study in second-growth forests at the

quantiles of the distribution of gap area. For eastern mesiggoweeta Hydrologic Laboratory (35°08, 83°27 W), located near
forests, intermediate-sized gaps would then be gaps with eXranklin, N.C., in the Blue Ridge Physiographic Providence of the
panded areas between 150 and 409 respectively (based southern Appalachians. Elevation in the 1626-ha Coweeta Basin
on data from Runkle 1982); this definition largely intersectsranges from 675 to 1592 m. Average monthly temperatures range
the first definition. Some studies have emphasized the imfrom 3°C in January to 19°C in July. Average annual precipitation
portance of intermediate sized gaps (Barden 1979, 19805 1800 mm and is distributed evenly throughout the year. Precipi
1981, 1983; Drobyshev 1999; Kneeshaw and Bergeroﬁ"“on mcrelases and terr:peratures de(_:llne with elevation at rates of
1998: Lorimer 1980; Runkle 1981; Williamson 1975), while -7 mm-m" and 0.0055 C-m, respectively. Bedrock consists of
others have questioned their efficacy (Brewer and Merrittgranlte—gnelss and mica—schist with overlying colluvium in valley

ottoms. Soils are immature Inceptisols and older, developed

1978; Cho and Boerner 1991; Della-Bianca and Beck 1985Ultisols. Our 12 experimental canopy gaps were clustered at two

Hibbs 1982). Most of these studies have been observationlies, a low elevation site on a Cowee—Evard gravely loam series
in nature; few have created gaps and gauged effects againgfhin the Hapludults (Ultisols) and a high elevation site on a
pretreatment data, or have monitored variation in factorhandler gravely loam series within the Dystrochrepts
likely to impact recruitment such as seed rain. Others did nofinceptisols) (Swank and Crossley 1988).

measure recruitment in intact canopies for comparison to Forests at the Coweeta Hydrologic Laboratory, as throughout the
that in gaps, making an assessment of gap effects difficul§outhern Appalachians, have been heavily impacted by human ac-
Experiments that create replicated gaps and that concufVities (Douglass and Hoover 1988). The Cherokee Indians regu-
rently monitor factors that impact seedling establishment'i""gr':g’o'Durned the forest understory prior to their removal in the
e.g., seed rain, light availability, etc., would circumvent s. Early European settlers continued this practice and also

f th limitati d h help clarify th | razed livestock in the basin until bought out by timber interests
some of these fimitations and, perhaps, help ¢ arify the ro round the turn of the century. The basin was logged in the early
of intermediate-sized gaps in forest dynamics.

=TS X ~_ part of this century before being purchased by the U.S. Department
While interference from forest understories can inhibitof Agriculture during the 1920s. The only significant disturbance
seedling recruitment beneath intact canopies (George arfdllowing logging was the chestnut blight that, by 1940, had killed
Bazzaz 1998, 199%; Lorimer et al. 1994; Maguire and most chestnut treesCastanea dentatgMarsh.) Borkh.) in the
Forman 1983), few studies have explicitly investigated thePasin. _ ) o _
interaction between understory shrubs and seedling estab- Whittaker (1956) described the regional vegetation in relation to
lishment in gaps. Enhanced recruitment following gap for elevatlo_n and moisture, |nclu_d|ng mixed oak forest, W_hlch is the
mation depends on increased availability of limiting most widespread forest type in the southern Appalachians and the

M f t t d derstori thf cus of our analysis. Mixed oak is found at mid elevations and at
resources. any Torests support dense understories isture levels intermediate between those of cove hardwoods and

buffer the forest floor against canopy changes that affechay_pine Castanea dentatavas abundant in mixed oak commeni
light, moisture, and nutrients (Clinton et al. 1994; Dolling ties before the chestnut blight. Today, the mixed oak forest at our
1996; Ehrenfeld 1980; Harmon and Franklin 1989;study sites type is composed Quercus prinud.. (32%), Quercus
Huenneke 1983; Nakashizuka 1989; Veblen 1982, 198%ubra L. (22%), Acer rubrumL. (24%), Oxydendrum arboreum
Yamamoto et al. 1995), so that understory shrubs might neuyL.) DC (10%), with Nyssa sylvaticaMarsh., Liriodendron
tralize recruitment opportunities for tree seedlings in gapstulipifera L., Robinia pseudoacacik., Betula lental.., Caryaspp.,
Some studies have associated low seedling densities wifid Tsuga canadensif..) Carr. individually comprising<5% of
dense understories (Ehrenfeld 1980; Huenneke 1983anopy basal area.

Nakashizuka 1989; Yamamoto et al. 1995), but we are un’ Much of the forest understory at Coweeta is dominated by
! ) ! R. maximuman ericaceous, evergreen shrub, that occurs at all ele

aware of St.UdleS explicitly examining how understory ShrUb%aitions in the Coweeta basin (Swank and Crossley 19RBhdo
interfere with the gap-phase paradigm. dendron maximurforms a dense subcanopy layer 37 m in height,
To investigate the impact of canopy gaps and shrulwith stem densities between 5000 and 17 000 per hectare (Baker
understories on forest dynamics, we created replicated exand Van Lear 1998), and leaf area indices (LAI) ranging from ap
perimental gaps and followed responses of environmentairoximately 4.8 to 6.6 (Janneke HilleRisLambers, unpublished
variables and seedling recruitment for 5 years. Our study dedata). Stem densities in our gap plots are approximately 8900
sign included gaps with both dense understorieRRbbdo per hectare (B: Beckage, unpublished d.ata) with dlameters.most
dendron maximunt., and gaps with open understories. our frequently ranging from 4 to 7 cm DBH (diameter at breast height)
artificial canopy gaps emulated those formed duringbut sometimes greater than 10 cm DBH (B. Beckage, unpublished

. . . data).Rhododendron maximutras expanded in areal coverage this
droughts in the southern Appalachians (Clinton et al. 1993)century as a result of chestnut decline and fire suppression (Baker

the gap makers are standing dead and the gap area approxhq van Lear 1998; Dobbs 1995; Monk et al. 1985; Phillips and
mates that of a typical drought-induced gap. We measurefiurdy 1985; Woods and Shanks 1959, but see McGee and Smith
the understory light environment, soil moisture, litter bio 1967). In the Coweeta basin, the area occupiedRbymaximum
mass, seed rain, and seedling densities (including pretreadoubled from approximately 15% in 1976 to nearly 32% by 1993
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(Dobbs 1995).Gaylussaccia baccatdWang.) K. Koch, a short- tor (GSF) using weighting factors that represent the proportion of
statured ericaceous shrub, typically undem in height, is com diffuse vs. direct light at our study site. Weighting factors were
mon in areas lackin@R. maximumGaylussaccia baccataveraged calculated based on meteorological data collected at the Coweeta
48% coverage in 120, 1 fnquadrats outsid&R. maximum(B. basin (Bonan 1989; Nikolov and Zeller 1992). The GSFs from
Beckage, unpublished data). Bene&®h maximum, G. bacca&  both ends of each transect were averaged into one value represen
average coverage was 0.8%. The next most abundant understotgtive of canopy conditions for comparison to the GSF of the
species wasMedeola virginianal. with 5.2% coverage outside transect center. While the steep slopes and different aspects of our

versus 2.2% beneatR. maximum two sites (i.e., low and high elevation) would be expected to effect
light levels in the gaps, the canopy photographs and their subse
Methods quent analyses accounted for these considerations in the final esti

mated site factors.

We studied recruitment in 12 experimental gaps, half of which To determine how soil moisture might be affected by gap cre
contained a naturaR. maximumunderstory. We monitored seed ation and understory characteristics, we estimated volumetric soil
ling recruitment in the artificial gaps and adjacent canopy controlsmoisture content (%Water Content) in the upper 15 cm along
prior to and for four years following gap creation. We concurrently transects. Because microclimatic conditions bendatimaximum
measured factors that were likely to affect recruitment, includingare less variable (Clinton 1995), we obtained measurements along
light, soil moisture, litter biomass, and seed rain. only one of the threeR. maximumtransects but in all three

Our clusters of experimental gaps were located in two mixediransects withouR. maximumat each elevation (resulting in data
oak stands that bracket the elevation range of this communityfor 8 of 12 transects). Estimates of percent water content were
hereafter referred to as “low elevation” (850 m) and “high eleva made using time domain reflectometry (TDR; TRASE, Soil Mois
tion” (1100 m) sites. Sites had a northeast aspect and slopes rangade Equipment, Inc., Santa Barbara, Calif.) (Topp 1993). Measure
from 30 to 50% (high elevation) and from 45 to 70% (low eleva ments were made at 11 positions along each transect, including
tion). At both sites, we established six plots (12 plots total), eachnine at 2-m intervals extending outward from the gap center and
corresponding to a single experimental gap. Three of the six plotswo near the ends of each transect. Measurements were made at 3-
at each elevation had a denRe maximununderstory, while three  week intervals during the growing season and at 4-week intervals
plots lackedR. maximumRhododendron maximumas a patchy during the non-growing season beginning on 21 May 1993 and
distribution at these sites, permitting us to locate experimental gapsontinuing through 21 August 1996. We include in this analysis
(with and withoutR. maximumin close proximity, thus allowing only those measurements taken from June through the end of Sep-
for consistent overstory composition, slope, soils, and microcli-tember because these dates represent growing season conditions.
mate. Locations for experimental gaps were selected in 1991, and 1o getermine how litter may affect recruitment, we collected
canopy trees were marked for girdling to produce gaps of approxiyyg samples of litter biomass from each plot (one from gap and
mately 300 rd (expanded gap definition, Runkle 1981) with a gap one from canopy) at four different times from November 1996 to
diameter to canopy height ratio of approximately 0.95. Up to five pecember 1997 (96 samples in total). We removed all litter within
trees from a variety of species were girdled to create each gap. 4 35 x 35 cm area of the forest floor selected at random until only

transect, comprised of 40 contiguous ¥ guadrats, was estab- | nigentifiable organic detritus remained. Litter was placed in paper
lished across each planned gap. Transects were generally orientg gs and dried at 60°C to constant weight.

in a north—south direction. Transects included 20 central quadrats . . . .
Seed rain was monitored continuously at two mixed oak stands

exposed to gap conditions and 20 outer quadrats subtended by the

surrounding canopy. There were a few exceptions to this Iayoutﬂear (within 200 m of) our experimental gaps as part of a larger

due to topographic considerations or patchiness ofRhemaxi Study of forest dynamics in the Coweeta basin (Clark et al. 1998).

mum In these cases, transects deviated from a north—south orientd/e cgimpatrgd seed raln.datat fTom theTmlxetd %allfzsgeg Atg seedlin dg
tion or were interrupted to maintain consistent understory condj Feécruttment in our experimental gaps. twenty 0. A< see

tions (e.g., with or withouR. maximum Following collection of ~ {raPs were arraye5 m apart along two 20 m long transects at each
e. Trap contents were collected two to four times annually and

retreatment data in 1993, we produced experimental cano aﬁéf] X : ;
P P P by 9 avhole seeds were sorted to the lowest possible taxonomic unit. In

by girdling trees in late summer of the same year. The herbicid h O arb d | di d of
Garlon was applied to trees that leafed out the following spring.n€ ¢ase 0D. arboreum seed capsules were counted instead ef ac

Girdled trees remained standing for the duration of our study, altudl seeds. We estimated that there were 25 seeds per capsule
though large branches began to fall in the 4th year. based on a subsample of capsules, but this estimate is likely to be

We quantified the understory light environment using hemi conservative as the capsules had already partially opened. Viable

spherical photographs taken in the center and at both ends of eagff€d rain (henceforth we mean viable seed rain when we refer to
transect. Photographs were taken at a height m in the summer ~ S€€d rain”) was obtained by multiplying number of whole seeds
of all years from 1992 and 1997, except 1993 (due to Iogisticalby estimates of seed viability. Viability estimates for our taxa were
problems). Photography for a given sample period was completeH"ke” from the literature (Burns and Honkala 1990; Schopmeyer
for all transects on one or two consecutive days. Photographs werk?/4; Young and Young 1992) or from our own data. Estimated vi
taken using a fish-eye Nikkor 8 mm 2.8 lens (180° field of view) ab[lltles were 0.91 forA. rubrum 0.54 for Amelanchier arborea
with Kodak Tri-X film and a self-leveling gimbal. All photographs (Michx. f.) Fern., 0.43 forB. lentg 0.6 for Carya spp, 0.54 for
were taken using a red filter (to increase the contrast between skyraxinusspp, 0.1 forL. tulipifera, 0.55 forMagnolia acuminatd..,

and foliage) with magnetic north at the top of the image. This al 0-6 for N. sylvatica 0.19 forO. arboreum 0.9 for Q. prinus 0.9
lowed superposition of the solar track onto the photograph. Photofor Q. rubra, and 0.9 forR. pseudoacacia

graphs were digitized using a Polaroid slide scanner and analyzed We censused tree seedlings along all transects annually in July
using Hemiview canopy analysis software (Delta-T Devices, Camor August from 1993 to 1997. We identified all seedlings and sap
bridge, U.K.). The software estimates direct and indirect site faclings <2 m tall to genus or species (fév. rubrum L. tulipifera,

tors (ISFs and DSFs), which are defined as the proportion of direcand Q. prinug. Seedlings classified aBetulaspp were likely

and diffuse radiation received below the canopy as a fraction oB. lentg becauseB. allegheniensiss restricted to the highest ele
that received above the canopy (Rich 1989). Site factors rangeations at Coweeta. We were unable to confidently differentiate all
from O (open sky) to 1 (complete obstruction). Cosine corrected diseedlings ofQ. veluting Q. coccineaandQ. rubra, so these were
rect and indirect site factors were combined into a global site facgrouped a€Q. rubra type.
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Fig. 1. Time course of gap formation showing)(canopy prior to creation of canopy gap and the canopy gad (year, €) 2 years,
(d) 3 years, andd) 4 years following girdling of trees.

© 2000 NRC Canada



Beckage et al. 1621

Seedlings were censused in two age-classes: first-year anges from the canopy photographs were used as covariates repre
>first-year. First-year seedlings were new seedlings that hadenting understory light conditions. Because we lacked canopy
germinated in the current year (or since the previous summer'ehotographs for 1993, we paired the 1992 canopy photographs
census). They were recognized by the presence of cotyledons amdth the 1993 seedling censuses (for the effect of light on seedling
lack of terminal bud scale scars. All older seedlings were classifiedecruitment). This pairing is sensible, because the 1993 seedling
as >first-year seedlings, although this group may include vegetativeensuses were conducted before the trees were girdled, and, thus,
reproduction forA. rubrumandN. sylvatica We found these age- their light environment was similar to that in the 1992 canopy-pho
classes useful because the first-year seedling class provided infotographs.
mation on seed arrival and germination, while the >first-year class We also conducted an ANCOVA usin@. rubrato test for seed
provided information on the pool of surviving seedlings. The-cen rain limitations on recruitment. We specifically tested whether the
sus data were used to calculate species richness, abundance, atelvation effect was, in fact, a seed availability effect by determin
the Shannon-Weiner diversity index. Nomenclature followsing whether there was an elevation effect after adjusting for seed

Wofford (1989). rain differences. We estimated (viable) seed input into each gap—
canopy subplot by multiplying canopy tree basal area by yearly es
Analysis timates of fecundity (seeds per unit of basal area). Fecundity esti

Global site factors (GSF), litter, and seedling data were analyzed'ates were derived from the seed rain data from adjacent low- and
using analysis of variance (ANOVA). Because soil moisture .mea high-elevation mixed oak sites (desqubed above). qual area esti
surements were unbalanced, we tested gap—canopy differences (j8t€s were calculated for an approximately 20 m radius surround
ing one-sided-tests. GSF values, which range from 0 to 1, were"d €ach gap—canopy subplot. We limited our analysiQtaubra,
arcsine square root transformed (Steel et al. 1997) to achieve noPecause most seed is dispersed short distances; estimates of seed
mality and analyzed as a split-split plot, mixed model ANOVA Nput from species having longer dispersal (i.e., >20 m) would
(PROC MIXED; SAS Institute Inc. 1995). Transects were consid ikely be poor. These seed rain estimates for each gap—canopy rep
ered whole-plot units (random effect) with gap—canopy being thélcatg were used as covariates with transformed first-year seedling
first split and year being the second split. Main effects were de densities.
composed into single-degree-of-freedom contrasts to test specific
hypotheses. Litter data were not transformed, because they weResults
normally distributed (PROC UNIVARIATE; SAS Insitute Inc. 1995).

To compare recruitment in the gap center with that in the-l-he experimental gaps

understory, we compared tree species richness, diversity, and seed- : : ;
ling counts in the inner 16 quadrats with those of the outer 16 An example of gap formation in a treatment without

quadrats of the same transects, omitting a 4-m transitional area 5 maximums shown in Fig. 1. Flguredshows the closed

the two gap edges. We used a symmetric transitional area (vs. ofg@nOPY in 1992 before the experiment began. The 2 years
offset to the north), because not all transects were oriented in £ollowing gap formation (i.e., 1994 and 1995) showed re-
north—south direction. We refer to these subsets as “gap” and “carfluced leaf area in canopy trees that were girdled (Bigrid

opy,” respectively. Tree species richness and diversity indices weréc). By the third year following gap creation (i.e., 1996), the
calculated in two manners. Data were summed across quadraganopy gaps were formed by three standing dead trees
within gap and canopy treatments to examine changes within thesg=ig. 1d). By 1997 (Fig. &), branches had begun to fall from
treatments but were summed across all 32 quadrats within transeganding dead trees and reduced understory leaf area in
for comparison of total species richness and diversity (includingmany gaps
gap and canopy conditions together) pre- and post-gap formation. ’
Seedling counts were initially analyzed assuming a Poisson-distri .
bution using the GLIMMIX macro (Littell et al. 1996). However, ENvironmental responses )

GLIMMIX had difficulty converging for most species in our data  1he effect of gap creation on light level$ & m above
set. This is a common problem with the GLIMMIX macro particu the ground depended on the presence Raf maximum
larly when there are many 0 values or a small data set (D. Higdon(Fig. 2a; gap xR. maximuninteraction,P < 0.0001; gap x
Duke University, Durham, N.C., personal communication). WeR. maximumx year, P = 0.0003). The proportion of light
then analyzed mean seedling densities of the 16 subplots assumiggove the canopy reaching the understory (GSF value) in
Gaussian error. To achieve normality, seedling densities were trangreased following gap creation in gaps with@itmaximum
formed as In(seedling density + 1) and analyzed using the mixedqonirast of 1994-1997 vs. 1993 i & R-, P < 0.0001) but
model ANOVA described above. Results of this analysis were Sim\are unchanged in gaps witR. maximum(contrast of

ilar to those obtained using the GLIMMIX macro (in the cases . N
where convergence was achieved). Only the results using Gaussi 94-1997 vs. 1993 in Gr R', P = 0.09). The GSF values

error are reported. Within the ANOVA model, treatment effects did not increase beneath canopy controls. The GSF value
were examined in two ways. First, we compared responses of treayvas 0.023 beneatR. maximun{R"), 0.052 beneath the can
ments to their respective controls. Second, we compared pre- t9py outsideR. maximum(G~ + R"), and 0.119 in gaps out
post-treatment densities (intervention analysis). We did this by exside R. maximun{G* + R"). The rise in GSF values in 1997
amining both main effects and appropriate single degree of freein gaps outside oR. maximum(G* + R; Fig. 2a) resulted

dom contrasts. We adopt the notation of referring to gap conditiongrom branches falling from dead trees and further opening
as G (vs. canopy~G), the presence dR. maximunas R (vS. N0 the understory.

R. maximum-R"), and treatments combinations such as gap condi Soil moisture increased in all treatments following gap

tions with R. maximumas G + R*. . - A - .
We conducted an analysis of covariance (ANCOVA) to test thecreatlon (Fig. B). Precipitation was especially low during

effects of gap an®R. maximurnon A. rubrumseedling densities af th? summer of . 1993 rela_ltlve to sub_sequ_ent summers
ter adjusting for understory light conditions. We usadrubrum  (Fig. 20), accounting for the increased soil moisture content

seedling densities, because it was the most widespread and abuiPercent water content) for all treatments after 1993. How
dant taxon across our transects and was most responsive to gap a@\¢er, percent water content was consistently higher in gaps
R. maximuntreatments. Arcsine square root transformed GSF valthan beneath the canopy following gap creation, regardless
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Fig. 2. Abiotic factors following gap creation in late summer
1993. @) Light availability represented by global site factors
from canopy photographs1(= 6, mean + SE).k) Soil moisture
from TDR rods as percent water contentX 6 for R, n = 2 for

Can. J. For. Res. Vol. 30, 2000

Fig. 3. Seedling and seed rain abundance for all tree species ob
served in our seedling transects) 6eedling means and standard
errors over all years and treatments abjl geed rain observed in
mixed oak communities adjacent to our experimental gaps- aver

R*, means), and monthly total precipitation measured at low- ancaged over years (mean + SE).

high-elevation sites within the Coweeta basic). $oil moisture
differences between gap—canopy pairs as percent water content
(n =6 for R, n =2 for R*; mean + SE). We refer to gap condi
tions as G (vs. canopy, G and to the presence &. maximum
as R (vs. noR. maximumR") so that treatment combinations
are defined as follows: G+ R, gap with noR. maximumG~ +
R~, canopy with noR. maximumG* + R*, gap withR. maxi
mum G~ + R*, canopy withR. maximumOne-sided tests un
der the null hypothesis that gap—canopy differences were 0
yielded P values of 0.077, 0.056, 0.031, 0.047 for R 1993
through 1996, respectively, and 0.69, 0.35, 0.016, 0.072 for R
in 1993 through 1996.

Gap creation
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of R. maximum Paired gap—canopy differences reflect this
pattern, with moisture differences increasing disproportion
ately in gaps (Fig. ).

Litter biomass was 20% higher in sites with than in sites
without R. maximum(R* = 508.2 vs. R = 423.8 g/m, P =
0.0002), but litter was not affected by gaps*(€462.1 vs.
G~ = 469.9 g/m, P = 0.72). Rhododendron maximuraf-
fected litter character as wellR. maximumleaves are
thicker, more sclerophyllous, and of lower nutrient quality
than deciduous leaves (B. Beckage, personal observation;
Monk et al. 1985).

Recruitment responses

Twelve tree seedling taxa occurred in our censuses, with
most taxa present at very low densities (Fig).3Betula
lenta and O. arboreumwere notable in that they had low
seedling densities despite relatively high seed rain (Hy. 3
Acer rubrumwas the most common species, corresponding
with its high seed rainQuercus rubrahad the next most
abundant seedlings despite only moderate seed rain. The low
seedling densities of. tulipifera, Caryaspp.,A. arborea
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Fig. 4. Seed rain (right-hang axis of a and€) and seedling
densities of the shade-tolerait rubrum Seedling densities

(mean + SE) beneath gaps and canopy controls by year for the

(a-d) high- and é-h) low-elevation sites. Plots in the right-hand
column containR. maximumSeedling densities are shown for
two age-classes, first-year seedlings if, e, f) and >first-year
seedlings ¢, d, g, h).
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Fig. 5. Seed rain (right-hang axis of a ande) and seedling
densities of the shade-intoleralnt tulipifera. Seedling densities
(mean + SE) beneath gaps and canopy controls by year for the
(a—d) high- and é&-h) low-elevation sties. Plots in the right-hand
column containR. maximumSeedling densities are shown for
two age-classes, first-year seedlingsly, e, f) and >first-year
seedlings ¢, d, g, h).
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i

>first-year seedlings, respectivelyghododendron maximum

resulted in lowered seedling densities of both first-year and
M. acuminata Fraxinus spp., andR. pseudoacaciavere  >first-yearA. rubrumseedlings P = 0.0053,P = 0.0020).
consistent with low seed rain. Seed rain appeared to limit recruitmentloftulipifera at

Acer rubrumwas the most responsive species to gap for high elevation; seedling densities were particularly low at

mation, benefiting from abundant, well-dispersed seed athe high-elevation site compared with the low-elevation site
both elevations (Figs.adand 4) and shade tolerance. First- (P = 0.0022) corresponding to disparities in seed rain
year and >first-year seedling densities were greater in gap&igs. | and ). But even at low elevations, seedlings of
but only outsideR. maximum(G* vs. G contrasts in Rfor ~ the shade-intolerant. tulipifera occurred at low densities
1994-1997 weré® = 0.018 andP = 0.015 for first-year and regardless of gap orR. maximum treatment. First-
>first-year seedlings, respectively;*@s. G contrasts in R yearL. tulipifera seedling densities were greater in gaps than
for 1994-1997 wer® = 0.19 andP = 0.61 for first-year and beneath canopy, regardless Rf maximumbut only at the
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Fig. 6. Seed rain (right-hangt axis of a ande) and seedling den  gaps (contrast of Gvs. G in 1994-1997P = 0.019). This
sities of the intermediately shade-toler&dt rubra Seedling den  resulted in increased >first-year seedlings only in high ele
sities (mean + SE) beneath gaps and canopy controls by year forvation gaps outsiddR. maximun{contrast of G + R"vs. G +
the @-d) high and €-h) low elevation sites. Plots in the right- R~ in high elevation in 1994-1997 for >first-year seedlings,
hand column contailR. maximumSeedling densities are shown P = 0.029). No >first-yeaB. lenta seedlings occurred be
for two age-classes, first-year seedlingsly, e, f) and >first-year neathR. maximum
seedlings ¢ d, g, h). Recruitment patterns for the intermediately shade-tolerant
Non- Rhododendron Rhododendron Q. rubra were dominated by the 1995 mast year (Figa. 6
and &), which produced a large 1996 cohort at the high-
elevation site (Figs.®and @; elevation x year for first-year
seedlingsP < 0.0001).Quercusfecundity (seed production
1st-year seedlings per basal area) at the high elevation was six times greater
than at the low elevation in the mast year. The mast event
produced a large cohort of seedlings concentrated beneath
and downslope of parent trees, regardless of gaR.anaxi
mum treatment. Although mortality of these seedlings was
high, this cohort (>first-year) was still abundant in the high-
elevation stand in 1997 (Figsc@nd &l). In contrast, densi
0 ties of >first-year seedlings in the low elevation plots, which
did not experience a mast event, were higher outRidenaxi
4 mum(Figs. & and @ vs. & and @) and higher in gaps than
3; © beneath the canopy in areas withdut maximum(Fig. 6g).
15 The effect of gaps an®. maximunfor all species (aver

1 1 aged across years) is shown in Fig. 7. While most species
0.5 0.5 had higher seedling densities in gaps compared with intact
canopy, the increases were only significant for rubrum
and first-yearB. lentaas already described above (Fig).7
Low elevation Similarly, seedling densities of most species were decreased
300 157 (f) beneathR. maximumbut only A. rubrum (described above)

and Q. prinus (>first-yearP = 0.043) were significantly dif-
1 1st-year seedlings ferent (Fig. B).

To determine whether seedling densities ben&tmaxi-
mumwere low in response to reduced light levels, we con-
ducted an ANCOVA on first-year and >first-year seedlings
of our most abundant species, rubrum, with light (GSF
values) as a covariate. Light x treatment interactions were
© =7 not significant for either seedling age-class indicating that
homogeneity-of-slopes criteria were met. With light as a
covariate, the gap and. maximuneffects were not sign#i
cant for first-yearA. rubrum For >first-year seedlings, the
gap effect was not significant, but tHe. maximumeffect
was still significant P = 0.0079). This suggests th&t maxi
93 94 95 96 97 93 94 95 96 97 mum suppressed >first-year seedlings beyond its influence
Seedling year on light availability.
gap  [JJfcanory We also conducted an ANCOVA on first-ye&. rubra

seedlings with seed rain (see Methods) as a covariate-to as

certain whether differences in seedling densities between
low-elevation sites (Figs.éand 5; intervention analysis; high- and low-elevation sites correspond to disparities in
the contrast for 1994-1997 vs. 1993 i GR and G + R* available seed. Homogeneity of slopes criteria were met for
at low elevation wereP = 0.020 andP = 0.0003, respec treatment groups. In the ANOVA model without the seed
tively). This is partly the result of lower seedling densities infain covariate, the effect of elevation was marginally signif
the gaps (compared with canopy) in the pretreatment year gfant @ = 0.050). With seed rain in the model, the effect of
1993. The higher densities of first-year seedlings in gaps dig¢levation was not significantP(= 0.11). This suggests that
not result in higher densities of >first-year seedlings in-subthe difference in first-year seedling densities between the
sequent years, indicating that seedling survivorship was lowhigh- and low-elevation sites was due to differences in seed
While the effect ofR. maximunon L. tulipifera was not sig rain.
nificant (P = 0.68 andP = 0.28 for first-year and >first-year
seedlings, respectively), there were more >first-year seedSpecies richness and diversity of seedling regeneration
lings outsideR. maximuniFig. 59 vs. 5). Rhododendron maximurhad more impact on species

Another shade-intolerant specieB, lenta (Burns and richness, species diversity, and density of seedling regenera
Honkala 1990), had higher first-year seedling densities irtion than did canopy gaps. Species richness was greater
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Fig. 7. Overall responses of individual species to treatmeafsSgeedling densities in gaps versus canopy controls for first-year and
>first-year seedlings, respectively)(Seedling densities in areas with or withdRt maximunfor first- and >first-year seedlings.
Values in Fig. & are means over years following gap creation, while values in Fign@ludes pre-gap years as well. B,< 0.05; **,
P < 0.01. acruAcer rubrum amar,Amelanchier arboreabesp,Betulaspp.; caspCarya spp; frsp,Fraxinus spp.; litu, Liriodendron
tulipifera; maac,Magnolia acuminatanysy, Nyssa sylvaticaoxar, Oxydendrum arboreupqupr, Quercus prinusquru, Quercus rubra
rops, Robinia psuedoacacia
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outsideR. maximun{Fig. 8a, 4.28 in R vs. 252 in R, P = ling establishment; seedling densities were significantly

0.017) but was not significantly higher in gaps (3.75 iy G lower beneathR. maximumfor both seedling age-classes
3.06 in G; contrast of G vs. G canopy in 1994-1997P = (P =0.010,P = 0.0016, Fig. 8). Neither the gap R. maxi
0.055) nor was the gap R. maximumnteraction significant mumnor the gap xR. maximumx year interactions were
(P = 0.60; gap xR. maximumx year, P = 0.37). Species significant for either age-clas$ (= 0.85 and 0.42 for first-
richness did not increase following canopy gap formation inyear seedlings an& = 0.37 and 0.60 for >first-year seed
any gap xR. maximuntreatment combination (intervention lings, respectively).

analysis,P values ranged from 0.47 to 0.84). Species +ich

ness in transects (gap + canopy portions of transe(_:t) was NKiscussion

greater following gap formation compared with pre-

treatment levels (Fig.& 1993 vs. 1994-1997 inRand R, Our results do not support the efficacy of intermediate-
P = 0.51 and 0.91, respectively). The Shannon-Weiner disized canopy gaps for maintaining diversity in second-
versity index was not significantly higher outsitR maxi  growth forests. Canopy gaps did not increase seedling-diver
mum(Fig. 8o, 0.60 in R vs. 0.43 in R, P = 0.10) except in  sity or richness compared to pre-treatment levels (Fig. 8, in
1994 and 1995K = 0.045,P = 0.0047). Diversity was not tervention analysis in results). Seedlings of most species
significantly higher in gaps (0.54 in*G0.48 in G; contrast  were rare, and, with the exception &f rubrum densities

of G* vs. G canopy in 1994-1997P = 0.33), did not in  did not increase following gap formation (Figa,7>first-
crease in any gap R. maximunireatment combination fel ~year seedlings). Seedling densities were especially low
lowing gap creation (intervention analysi®,values ranged (Figs. 1, 9b) and unresponsive to gap formation beneath the
from 0.09 to 0.84) nor was the gapR. maximuninterac understory shrubR. maximum The weak recruitment re
tion significant P = 0.25; gap xR. maximumx year,P =  sponse to experimental gaps of this siz8@0 nt) resulted
0.26). Diversity in transects (gap + canopy portions ofnot only from competition with the shrub understory but also
transect) did not increase following gap formation comparedecause seed rain often limited recruitment.

with pre-treatment levels (1993 vs. 1994-1997 inaRd R, Previous studies have lead to some uncertainty regarding
P = 0.92 and 0.66). Total seedling densities were higher bethe importance of intermediate-sized gaps in forest regenera
neath gaps, but the difference was not significant for eithetion. This could derive from several causes. First, the effect
first-year or >first-year seedlingsP(= 0.061, P = 0.16, of gaps may differ in second-growth versus old-growth for
Fig. 9a). Rhododendron maximuappeared to inhibit seed ests Clebsch and Busing 1989) as well as in forests of
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Fig. 8. Species richnessa) and Shannon-Weiner diversitp)(by year for gap andk. maximuntreatments (mean + SE). Gap + €an
opy indicates species richness and diversity calculated over both treatments in each transect.
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differing composition. Studies suggesting that intermediateassumption that gaps are important to regeneration. In fact,
sized gaps maintain forest diversity often have been done ithe relative abundances of >first-year seedlings in our exper-
old-growth stands (Barden 1979, 1980, 1981; Busing 1994imental gaps did not differ from those beneath the closed
Lorimer 1980; Runkle 1981; Wiliamson 1975), whereascanopy for any species in our study (Fig. FOoyalues > 0.05
studies that question the importance of such gaps mostlgn arcsine square-root transformed data), a result similar to
come from second-growth forests (Collins and Pickett 1987that found by Busing and White (1997). Therefore, Markov
Della-Bianca and Beck 1985; Hibbs 1982). Clebsch andmodels based on relative abundances in either intermediate-
Busing (1989) suggest that the physical structure of secondsized gaps or beneath closed canopy would appear adequate
growth stands may minimize gap and canopy microsite difto explain overstory abundance. In addition, calculation of
ferences, which is consistent with the results from othefuture composition based only on relative abundance of
studies (Collins and Pickett 1987). In our study, light levelsjuveniles in gaps can be inaccurate, because future composi
beneath intact canopy (outside Rf maximumwere, in fact, tion also depends on absolute abundance. Seedling recruit
higher than would be expected beneath mesic foredts/§.  ment in our experimental gaps was too sparse to predict
5% in our study; Canham et al. 1990), blurring the distinc eventual canopy dominants. Given the seedling densities ob
tion between gap and canopy conditions. However, differ served in our canopy gaps, annual survivorship would need
ences between old-growth versus second-growth stande be=75% for a single individual (of any species) to sur
could simply be a function of gap size; trees are often largevive 20 years in a typical gap, whereas we actually find
in old-growth forests, and thus, their deaths result in morenuch lower juvenile survivorship (B. Beckage and J.S.
pronounced increases in resource levels. This possibility i€lark, unpublished data).

difficult to evaluate because studies often do not report gap

size. When gap size is reported, it is measured using one &eed rain matters

two methods (expanded gap definition (Runkle 1981) or the Seedling recruitment was linked to seed availability. In
projected area of the canopy opening) that are difficult togeneral, species with low seed rain had few or no seedlings,
compare (Valverde and Silvertown 1997). Second, some.g.,AmelanchigrCarya, Fraxinus Liriodendron Magnolia,
studies that emphasized the importance of intermediate-sizeRlobinia (Fig. 3). Elevation differences ih. tulipifera and
gaps based their conclusions on the relative abundance @. rubra seedling densities corresponded to differences in
seedlings in gaps or on the frequency of “gap successorsseed rain (Figs. 5 and 6, results Qf rubra ANCOVA).
relative to their abundance in the overstory (Barden 1979Yearly fluctuations in seed rain were clearly apparent in
1980, 1981; Runkle 1981). In these studies, relative abunseedling dynamics. For example, the single la@erubra
dance beneath intact canopies is not measured for compaohort corresponded to a mast event in 1995 (Fig. 6). While
son with that in gaps; instead, there is an implicitmasting can be widespread (e.g., Mencuccini et al. 1995;
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Fig. 9. Main effects of &) gap creation andbj R. maximunon Fig. 10. Seedling relative densities (e.g., seedlings of a species
first-year and >first-year seedlings (mean + SE)values are for  found in a given gap/total seedlings found in that gap) for gap
the null hypothesis that treatment means do not differ. and canopy treatments (mean + SE). None of the gap—canopy
(a) Gap effect differences are significant for any speciéx\alues= 0.05).
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o & published data) observed prolifi8. lentaand L. tulipifera
éo(\?‘ regeneration in tree fall gaps (originating from windthrows)

with exposed mineral soil.

Our small gaps resulted in modest increases in light (6%)
Rehfeldt et al. 1971), in this case the mast event was corand in soil moisture (7%) but only in areas lacking the
fined to high elevations (Figs.a6and &). Although seed understory shrutR. maximum(Fig. 2). These changes in
rain is often overlooked in recruitment studies, low seedlingight levels are consistent with results reported for small to
densities, even in gaps, may result from seed limitatiormid-sized gaps (Denslow et al. 1990; Orwig and Abrams
(Clark et al. 1998; Dalling et al. 1998; Hubbell et al. 1999; 1995; Whitmore and Brown 1996; Zhang and Liang 1995).

Reader et al. 1995). Light levels beneathR. maximumwere in the low range
where even shade tolerant species may not regenerate
The gap environment (Emborg 1998). Although we found some evidence of in

Both the size and the character of gaps influence seedlingreased soil moisture following gap formation, the results of
recruitment (Brokaw and Scheiner 1989; Spies and Frankliprevious studies are inconsistent with some finding no
1989). We created gaps that emulated those created by a s#hange (Orwig and Abrams 1995) or even decreased-avail
vere drought in the southern Appalachians in the 1980sbility (Zhang and Liang 1995). The small increase in seed
(Clinton et al. 1993). These gaps formed gradually, hading densities for some species, e.@., rubrum (Fig. 4b)
standing dead trees that resulted in minimal disturbance t;m R. maximumgaps may result, in part, from increased
the understory, and had little exposure of mineral soil, whichmoisture.
contrasts with gaps formed suddenly by windthrow (Naka
shizuka 1989; Putz et al. 1983; Schaetzl et al. 1989). HowRole of the shrub understory
ever, consideration of gradual gaps formed by drought or Understory shrubs reduced seedling recruitment largely by
disease is important as they may be much more abundaattenuating light. Beneath intact canopy, light penetration
than sudden gaps (Krasny and Whitmore 1992). Our artifiwas twice as high outsid®. maximumas it was under
cial gaps included up to five girdled trees and resulted inR. maximum(Fig. 2a). OutsideR. maximumlight levels in
openings of 300 m(expanded gap definition; Runkle 1981), creased twofold with gap formation; however, beneath
which approximates the mean gap size produced by recel. maximumlight levels did not increase following gap ere
droughts in the southern Appalachians (Clinton et al. 1993)ation. This corresponds to the low seedling densities beneath
The low recruitment of some taxa, e.®, lentg even with  R. maximunmand their failure to increase following gap for
seed present (Fig. 3), may result from the absence of minerahation. Analysis of covariance confirmed this pattern for
soil in our standing dead gaps (Burns and Honkala 1990first-year A. rubrum recruitment but suggested that addi
Carlton and Bazzaz 1998; Godman and Krefting 1960); sugtional factors may contribute to mortality of old&r rubrum
gesting that the mode of disturbance may be as important aeedlings beneatR. maximumOf course, once a seedling
the size. Within standing dead gaps, litter removal can inhas grown through th&k. maximumlayer, it may have a
creaseB. allegheniensiseedling recruitment by an order of higher chance of successfully entering the canopy because of
magnitude (Hatcher 1966). S. Taylor and B. Beckage (unfewer potential competitors for canopy openings.
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While R. maximunimits tree establishment primarily by second year (Beckage, unpublished data). In contrast, we
reducing light levels, other mechanisms may contribute taexpect the distribution of small-seeded, widely dispersed
reduced seedling densities. The thick litter bendatimaxi  species with little energy reserves to reflect the microsite en
mum (see Results) may inhibit seedling establishmentironment in the first year. This was the case for the small
(Facelli 1991; Molofsky and Augspurger 1992; Romancierseeded, widely dispersed. rubrum Densities of first-year
1971). When newly germinated seedlings of small-seededeedlings were greater in higher light levels outddenaxi
species (e.gA. rubrumor L. tulipifera) were found beneath mumand within canopy gaps (Fig. 4).

R. maximumthey preferentially occurred in microsites with

mineral soil (B. Beckage, personal observation), suggestingmplications for forest dynamics

that litter suppresses seedling recruitment. In fact, litter re  Our 5-year experimental study demonstratesititarmediate-
moval and seed predation experiments show that litter inhibsized gaps, created by standing dead trees, are not effective
its A. rubrumestablishment and that seed predation rates arat promoting diversity in second-growth forests in the seuth
higher beneatiR. maximun(B. Beckage, unpublished data). ern Appalachians. This failure was due to only modest in
Experimental removal oR. maximunincreases tree seedling creases in resource availability compared with intact canopy,
densities to those found in areas withd&t maximum(S.  competition with the understory shriith maximumand lim
Taylor and B. Beckage, unpublished data), demonstratinged availability of seed. Canopy gaps that result in coneomi
that pre-existing soil characteristics of sites supportingant disturbance to the understory, e.g., windthrows, or that
R. maximundo not explain poor tree recruitment. While soil are larger in area appear to be necessary for the persistence
moisture was not adversely affected By maximumin our ~ of many species in these forests. Understory disturbance also
study (Fig. ), this may not always be the case (E.T. Nilsen,appears to be important in other forested systems with dense
unpublished dataRhododendron maximumay have no ef ~ understories (Veblen 1982; Yamamoto et al. 1995). Other
fect (C. Wright, unpublished data) or reduce (E.T. Nilsen,studies have shown that species diversity in gaps increases
unpublished data) nitrogen mineralization rates. Finallywith increasing gap size (Barden 1981; Busing and White
R. maximuntdoes not appear to have allelopathic effects onl997; Clinton et al. 1994; Phillips and Shure 1990; Runkle
tree seedlings (Nilsen et al. 1999; Romancier 1971). 1982). We demonstrate that intermediate-sized gaps, repre-

Understory interference with seedling recruitment in can-S€Nting a size and mode of formation typical for these for-
opy gaps may be a widespread phenomenon. Many foresfSts, appear inadequate to maintain diversity of tree species,
support dense shrub understories that include dwarf bambgd'd: In fact, do not promote seedling regeneration of most
(Sasaspp.) in Japan (Nakashizuka 1989: Yamamoto et altree species, whether shade tolerant or intolerant.

1995), Chusqueabamboo in Chile (Veblen 1982, 1989),
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